Dendritic Li deposition has been "a Gordian knot" for almost half a century, which significantly hinders the practical use of high-energy lithium metal batteries (LMBs). The underlying mechanisms of this dendrite formation are related to the preferential lithium deposition on the tips of the protuberances of the anode surface and also associated with the concentration gradient or even depletion of anions during cycling. Therefore, a synergistic regulation of cations and anions at the interface is vital to promoting dendrite-free Li anodes. An ingenious molecular structure is designed to realize the "cation-anion regulation" with strong interactions between adsorption sites and ions at the molecular level. A quaternized polyethylene terephthalate interlayer with a "lithiophilic" ester building block and an "anionphilic" quaternary ammonium functional block can guide ions to form dendrite-free Li metal deposits at an ultrahigh current density of 10 mA cm −2 , enabling stable LMBs.
INTRODUCTION
Lithium metal is regarded as an ultimate anode material because of its ultrahigh theoretical specific capacity (3861 mA·hour g −1 or 2061 mA·hour cm −3 ) and extremely low electrochemical potential (−3.04 V versus standard hydrogen electrode) (1) . However, batteries that use lithium metal have suffered from great safety hazards for almost half a century. Uncontrolled proliferation of uneven Li deposition during cycling is the main source of internal short circuiting or even explosion hazards (2, 3) . Early in the 1990s, NEC and Mitsui carried out confirmation tests on more than 500,000 lithium metal batteries (LMBs) to figure out the complicated Li metal chemistry, but failed after 2 years of hard work (4, 5) . Recently, with the rapid development of electrical devices and explosive demand for high-energy rechargeable batteries, researchers have regained confidence in the revivification of Li metal anodes. Many efforts have been devoted to suppressing the lithium dendrites or even developing a dendrite-free lithium anode for practical applications of high-energy LMBs, including Li-S and Li-air batteries (6) (7) (8) .
The failure mechanism of LMBs is controversial and complicated. It could involve mass transfer and diffusion of ions, electrochemical reaction kinetics, electrolyte/electrode interface build and break, and so on (9, 10) . The prevailing understanding is that lithium dendrite growth is a result of joint actions with multiple mechanisms (11) . When a cell is charged at a fixed current density, Li-ion flux is more concentrated on the tip of the rough lithium substrate due to the enhanced local current density, known as the "tip effect" (Fig. 1A , Li depositing process) (12, 13) . The unavoidable defects of the electrode surface, either from the rupture of solid electrolyte interphases (SEIs) or nonuniformity during the manufacturing process, can be the dendrite nucleation seeds and trigger the growth of dendrites (14) . On further deposition of the nuclei, the roughness of the interface amplifies and that of the dendrite proliferates. Meanwhile, anions are expelled by the electric field during polarization (Fig. 1A , Li depositing process) and will deplete near the negative electrode. A large electric field called "space charge" is created near the electrode/electrolyte interface, which is known as another source of uncontrolled deposition of lithium (11, 15) . Theoretical research confirms that the dendrites will grow at a velocity equal to −m a E 0 (where m a is the mobility of anion and E 0 is the electric field) (16) .
Various materials have been developed in response to the proposed failure mechanisms. (i) Homogenizing Li-ion flux: Using materials with polar functional groups (that is, N, O, and S) can attract large amounts of Li ions, regulate their distribution at the anode interface, and promote uniform lithium deposition. For example, a three-dimensional (3D) oxidized polyacrylonitrile nanofiber (17) or glass fiber (18) used as a buffer interlayer near the anode surface can interact with lithium ions because of their high binding energies with polar groups. This interaction effectively undermines the preferential distribution of lithium ions, aiding flat electrodeposition. These kinds of materials exhibit a "lithiophilic" affinity. (ii) Reducing the mobility of anions: As mentioned above, there is a positive correlation between the lithium dendrite growth rate and the velocity of the anion mobility. If the anions are partially or fully fixed and are immobile during cycling, then the anion concentration gradient can be effectively undermined and the space charge-induced dendritic Li growth can be relieved consequently (19, 20) . A series of hybrid electrolytes such as sulfonate salts based on Nafion (21) or organic-inorganic electrolyte additives (22, 23) have been created to serve as reservoirs for anions and realized stable Li deposition in many experimental studies. These kinds of materials present an "anionphilic" interaction. (iii) Artificial SEI fabrication: SEIs formed on the highly reactive lithium metal surface usually exhibit poor mechanical strength and heterogeneous interfacial transport properties, both of which can accelerate the growth of Li dendrites. Electrolyte additives such as lithium nitrate (LiNO 3 ) (24), lithium halides (that is, LiF, LiCl, and LiBr) (25) (26) (27) , and lithium polysulfide (28, 29) can facilitate favorable SEI formation with uniform morphology and chemistry.
Inspired by the binary cooperative molecular systems in nature (30), we rationalized material design with both lithiophilicity and anionphilicity at the molecular level, which is able to regulate cation distribution and undermine the anion concentration gradient simultaneously. A dendrite-free lithium anode can be realized under such a synergistic effect of "cation-anion regulation." Here, a quaternized polyethylene terephthalate (q-PET) nonwoven fabric is used as a multifunctional interlayer to host the Li metal to achieve homogenized transport of cations and anions synergistically at the electrode/electrolyte interface and promote a dendrite-free lithium metal anode. q-PET is designed to accommodate ion flux cataclysm with a lithiophilic ester building block and an anionphilic quaternary ammonium functional block, which can serve as ion reservoirs for both cations and anions. As represented in Fig. 1C , the polar ester functional groups in the backbone of q-PET can adhere many Li ions and regulate the Li-ion flux at the electrode interface during lithium plating, relieving the tip effect induced by the unavoidable roughness. Moreover, the quaternary ammonium functional group tethered on the PET molecular skeleton can bind and immobilize a certain amount of anions (that is, TFSI − and PF 6 − ) in the electrolyte, preventing the space charge-induced dendrite formation by a local deficit of anions. On the other hand, quaternary ammonium chloride salt can interact with lithium salt and spontaneously form lithium chloride via an ion exchange reaction (31) . LiCl was proved as a favorable SEI compound for a stable lithium metal anode (25) . Considering all these merits in a single structure, the effectiveness of the q-PET/Li composite anode as an alternative choice to the bare lithium metal anode is extensively studied.
RESULTS
Binding energies using density functional theory calculations We first verified the subtle interactions of q-PET with both lithium cations and TFSI anions, which might play a critical role in uniforming Li deposition. To provide a quantitative description, we performed density functional theory (DFT) calculations using the Vienna Ab initio Simulation Package (see the Supplementary Materials for computational details). We computed the binding energy E b of TFSI anion interacting with q-PET, defined as the energy difference between the total energies of TFSI anion E TFSI and q-PET E q-PET , that is, E b = E TFSI + E q-PET − E TFSI+q-PET . Here, E TFSI+q-PET refers to the total energy of the hybrid system consisting of both TFSI anion and q-PET. The equation shows that the stronger binding interactions are represented by the more positive binding energy. We found that the calculated E b is 3.93 eV, which is sufficiently large to imply the strong binding of TFSI anion with q-PET. We also calculated the binding energy between a Li ion and q-PET, and the binding energy E b is 0.69 eV, which is considerably larger than the binding energy between a Li ion and a commercial polypropylene (PP) separator (fig. S1). We found that the corresponding binding energy is negative (E b = −0.35 eV), suggesting repulsive Coulomb interactions caused by the saturated bonds in the skeleton of PP. Through DFT calculations (summarized in table S1), it is proved that q-PET can provide effective bonding sites for both Li cations and TFSI anions. In the skeleton of q-PET (Fig. 1C) , the ester group serves as a lithiophilic site and quaternary ammonium acts as an anionphilic site, attracting both Li ion and TFSI anion.
Materials characterizations
The q-PET fabric exists in a nonwoven micrometer fiber structure with an average fiber diameter of 10 mm ( Fig. 2A) . q-PET fibers are interlaced and form a staggered overlapping network, which is also confirmed by optical microscopy ( fig. S2 ). The functional interlayer with multitudinous void spaces can increase the electrolyte uptake, facilitating the homogeneous distribution of electrolytes near the anode. Energydispersive x-ray spectroscopy (EDX) analysis and elemental EDX maps (figs. S3 and S4) demonstrate the coexistence and homogenous dispersion of carbon, oxygen, nitrogen, and chlorine on the surface of the q-PET fiber, which agrees well with the expected chemical composition of q-PET. To quantify the element content in the q-PET fiber, elemental analysis using the Dumas combustion method was carried out. The combustion experiment shows that the nitrogen content is 0.52 weight % (wt %), which further verifies the existence of the anionphilic quaternary ammonium function group (table S2) .
Fourier transform infrared spectrometry (FTIR) and nuclear magnetic resonance (NMR) spectra are powerful tools that reveal information about surface functional groups and the structures of chemical compounds. As shown in Fig. 2B , the typical peak at 1717 cm −1 results from the stretching vibration of C¼O, and the strong absorption at 1235 cm −1 can be attributed to the characteristic peaks of C-O-C stretching vibrations, demonstrating the abundant ester functional groups in the compound. The stretching vibration of C-N appears at 1074 cm −1 , and the peak at 2848 cm −1 is ascribed to the stretching vibration of aliphatic C-H from the quaternary ammonium (32) . Solidstate 13 C cross-polarization/magic angle spinning (CP/MAS) NMR can characterize the molecular structure of highly insoluble q-PET unequivocally, according to the resulting chemical shifts. The isotropic resonances were assigned and labeled on the full spectrum shown in Fig.  2C . The resonance at 165.2 parts per million (ppm) is assigned to the carbonyl (C¼O), and specific resonances at 130 to 134 ppm are attributed to the aromatic carbon. The characteristic peak of a methyl group (−CH 3 ) appears at 32.5 ppm with enhanced signal intensity because of the three methyl groups in the quaternary ammonium block (33, 34) . With smart design and control of the molecular structure, functional groups on the q-PET fiber with lithiophilic and anionphilic properties can efficiently assist the interlayer in regulating the distributions of ions under the electrical driving force.
From the macroscopic point of view, contact angle tests were used to investigate the affinity between the q-PET/Li composite electrode and ether-based electrolytes (Fig. 2D) . The contact angle of ether-based electrolytes on the bare Li metal is 22.7°, suggesting that the lithium metal has poor wettability with ether-based electrolytes, which could cause the blocking of ionically conducting pathways (movie S1). In contrast, the contact angle of the q-PET/Li electrode (1 mA·hour cm −2 Li is predeposited to mimic the real state during cycling) is almost zero (movie S2). Because of its ultra-affinity with the electrolytes, the q-PET/Li composite electrode, instead of the bare lithium metal, can enhance the electrolyte uptake capability, which is beneficial to homogenize ion distributions in the vicinity of the anode and to reduce inner cell resistance.
Electrochemical performance of q-PET/Li composite anode Lithium coulombic efficiency (CE) is an essential parameter to evaluate the reversibility of the lithium metal anode, which reflects the quantity of "dead" Li (electrically isolated Li metal from the substrate) in each cycle. Here, 1 mA·hour cm −2 of the Li metal is plated onto the Cu foil working electrode, followed by the complete stripping of the Li metal from the Cu foil at a cutoff voltage (1.0 V). The CE can be calculated according to the ratio of the Li stripping capacity to the Li plating capacity in each cycle. As presented in Fig. 3A and table S3 , the q-PET/Li composite electrode exhibits higher lithium CE and longer cycling life span at all current densities. Under a current density of 1.0, 2.0, 5.0, or , cells with q-PET show stable cycling performance, maintaining an average Li CE of 98% for more than 300 cycles, whereas the Li CE of cells with the bare lithium metal drops below 90% after the initial 72 cycles ( fig. S5A ). When the current density is increased to 5 mA cm −2 , the Li CE of the q-PET/Li composite electrode still reaches 95% for more than 90 cycles, whereas the Li CE of the control electrode without the modification of q-PET drops below 90% after only 30 cycles. Even for a high Li areal capacity of 2.0 mA·hour cm
, the Li CE of the q-PET-modified cell maintains 97% over 70 cycles at 2.0 mA cm −2 ( fig. S5B ) or 95% over 50 cycles at 5.0 mA cm −2 ( fig. S5C ). After the cycle tests, the q-PET interlayer can maintain the original morphology, and there is no obvious dead Li ( fig. S6 ). To further demonstrate the cation-anion regulation synergistic effect, a PET nonwoven fabric that contains only lithiophilic sites was chosen as a comparison ( fig. S7, A and B) . Compared with the bare Cu foil, the PET interlayer with abundant lithiophilic ester building block can deliver a stable Li CE and enhanced life span to some extent. Nevertheless, when lithiophilic and anionphilic sites are introduced into the skeleton of the molecular structure synchronously (q-PET), electrochemical performances of the q-PET/Li composite anode are improved drastically at all current densities ( fig. S7C ). These results suggest that functional groups on the q-PET fiber with lithiophilic and anionphilic sites can effectively enhance the use of the active anode material and decrease the generation of dead Li even at high current densities.
SEM analysis was performed to observe the differences in morphology of Li deposition after 30 cycles. Under a current density of 2.0 mA cm −2 , the Li deposition on the bare Cu foil exhibits mossy and dendritic structures (Fig. 3, B and D) , with visible Li dendrites in a diameter of 5 mm (labeled in Fig. 3 , C, top view, and E, side view). Endless dendrite proliferation will consume the Li metal and electrolytes continuously, leading to cell "dry-out" or safety risks. In comparison, dendrite-free morphology can be achieved using the q-PET/ Li composite electrode via the cation-anion regulation property. From the top view, Li deposition exhibits a flat and dense morphology, without the observation of dendritic Li (Fig. 3, F and G) . On the basis of the insulating property of the q-PET fiber, Li tends to deposit from the bottom of the fiber and fill up the q-PET matrix (Fig. 3, H and I) . The dense deposition of lithium within the q-PET matrix can reduce the side reactions between the lithium metal and the electrolytes, which might be the underlying origin of the enhanced Li CE in Li/Cu cells. Driven by the strong interactions (Li ion with the ester group and TFSI − with quaternary ammonium), the q-PET fiber can absorb large amounts of ions. As a result, Li-ion flux around "hot spots" can be uniformed, and the concentration gradient of anions induced by the electric field can be relieved at the anode interface. Under this synergy, Li can still deposit smoothly on the q-PET-modified electrode at ultrahigh current densities (5.0 and 10.0 mA cm −2 ) ( fig. S8) . Compared with the nonpolar PP separator, which directly contacts the bare lithium metal anode, the q-PET functional interlayer can delay or even prevent the Li dendrite proliferation. Li/Li cells with ether-based electrolytes (containing 1% LiNO 3 ) were tested at different current densities to evaluate their voltage hysteresis and cycling stability. At a current density of 3 mA cm −2 (Fig. 4A, top) , cells with the bare Li electrode exhibit a gradual increment in voltage hysteresis over 125 cycles, which is almost 10 times the initial voltage hysteresis. This can be attributed to the increasing internal resistance induced by the continuous breakdown and the reestablishment of SEI at the electrolyte/electrode interface. A sudden voltage drop was observed in the later cycles, suggesting an internal short circuit caused by Li dendrites. As expected, the q-PET-modified cells show lower voltage hysteresis and improved cycling stability over 1000 cycles (up to 650 hours) (fig. S9) . The enlarged voltage profiles at specific times (30 and 80 hours) shown in Fig. 4A verify the stable cycling of the q-PETmodified cell with smooth voltage plateaus. When the current densities increased to 5 mA cm −2 , the q-PET-modified cells still show excellent electrochemical performances (Fig. 4A, middle) . Stable cycling with low hysteresis of~80 mV and a flat voltage plateau over 250 cycles was observed, whereas cells with the bare Li foil exhibit continuous increase in hysteresis from~100 to~230 mV over 52 cycles. Similarly, even at 10 mA cm −2 (Fig. 4A, bottom) , the q-PET-modified cell can maintain good stability over 500 cycles (100 hours). These results reveal that the q-PET functional anode host can improve the interfacial stability and the reversibility of Li stripping/plating. When the areal capacity is increased to 2.0, 5.0, or 10.0 mA·hour cm −2 , huge volume expansion and uncontrolled proliferation of Li dendrites are expected to the control cells with early failure, whereas the q-PET-modified Li anode enhances the cycling stability and increases the cell lifetime ( fig. S10 ). Electrochemical impedance spectroscopy was carried out using symmetric Li cells to analyze the inner resistance and interfacial stability after 1 (Fig. 4B) and 10 (Fig. 4C) cycles. The semicircle at the high-frequency range visually indicates the interfacial resistance and the charge transfer resistance at the electrolyte/electrode interface. After one cycle, cells with the bare Li metal anode exhibit a large interfacial resistance of~170 ohms, which is almost five times that of cells with the q-PET/Li composite anode. After 10 cycles, the interfacial resistance for cells with the bare Li foil drops to~65 ohms due to the decomposition of the fragile SEI layer and the formation of dendritic Li, which significantly increase the surface area of the Li anode. On the contrary, cells with the q-PET/Li composite anode show constantly low interfacial resistances of~35 ohms after 1 cycle and~30 ohms after 10 cycles. It can be explained by the enhanced wettability and electrode stability of the q-PET/Li composite anode. This result is consistent with the finding that cells with the q-PET-modified anode show lower hysteresis during stripping and plating.
To further evaluate the utility function of the q-PET functional anode host in LMBs, the q-PET/Li composite anode was paired with LiFePO 4 (LFP) or Li 4 Ti 5 O 12 (LTO) electrodes. Figure 5A shows the cycling performance of the Li/LFP half cell at a rate of 0.5 C. Cells using the Li/q-PET anode present a high initial capacity and maintain 137.1 mA·hour g −1 with a stable CE after 150 cycles. In contrast, the capacity of cells with the bare Li electrode degrades after 80 cycles and maintains only 105.6 mA·hour g −1 at 150 cycles, and the overall overpotential grows significantly during cycling ( fig. S11 ). We also used the Li/q-PET anode with the zero-strain LTO cathode. At a high rate of 2 C, cells with the q-PET-modified anode show superior cycling life, achieving stable discharge capacity with a steady CE of 99.9% for 1000 cycles without significant degradation, whereas cells with the bare Li foil degraded harshly after 208 cycles (Fig. 5B) . It can be seen from Fig. 5C that the capacity of cells without the q-PET interlayer fades quickly and the overall overpotential grows significantly during cycling, which can be caused by the uncontrollable proliferation of Li dendrites and the thickened SEI. In contrast, modified cells exhibit almost unchanged overpotential and flat voltage plateau over 1000 cycles (Fig. 5D) . The q-PET interlayer can also improve the initial CE of both Li/LFP and Li/LTO half cells slightly ( fig. S12 ). These results suggest that the q-PET functional anode host can dramatically improve the cyclability and stability of LMBs.
DISCUSSION
The cation-anion regulation synergistic effect is proposed as a novel concept to promote dendrite-free Li deposition during cycling. q-PET with lithiophilic and anionphilic sites in the skeleton of its molecular structures shows strong interactions with ions in the electrolytes, which is confirmed by DFT calculations. Lithiophilic ester groups can uniform Li-ion flux at the electrolyte/electrode interface, protecting the enhanced local Li-ion flux from the tip effect, and anionphilic quaternary ammonium can attract anions at the interface, avoiding the space charge induced by a local deficit of anions. Under the synergistic effect, cells with the q-PET/Li composite anode exhibit remarkable cyclability and stability. Under a current density of 1.0, 2.0, 5.0, or 10.0 mA cm −2 , the q-PETmodified cells show extended life span and improved CE of 98, 97, 95, or 93%, respectively. Under a current density of 3 mA cm −2 , the q-PET anode host provides up to sixfold improvement in cell lifetime (up to 650 hours), proving the vital role of the q-PET interlayer on regulating the Li deposits. Ultralong cycling life span was realized using the q-PET functional anode host in Li/LTO half cells, implying the huge potential for practical applications in LMBs. This novel tactic can also be applied to other high-energy battery systems involving Na, Al, Mg, Zn, and so forth.
MATERIALS AND METHODS
Computational details DFT calculations were carried out using the Vienna Ab initio Simulation Package (version 5.4.1). The exchange-correlation interactions were described by the Perdew-Burke-Ernzerhof (PBE) functional (35) . Consistently, we used the PBE version of the projector augmented-wave method potential data set to describe electron-nucleus interactions (36, 37) . We used the plane wave basis with a cutoff energy of 500 eV. A cubic vacuum box with a side length of 45 Å was used for all the calculations along with a single G point for the k-point sampling. The atomic positions were optimized until the energy and force satisfied their convergence criteria of 10 −5 and 0.03 eV/Å, respectively.
Materials
The Li foil was purchased from Sinopharm Chemical Reagent Co. Ltd. and was polished by a drawknife until the surface was metallic shiny. The q-PET nonwoven fabric was purchased from WARD GmbH. Copper foils and LFP cathodes (active material surface density, 120 g m −2
; total thickness, 83 mm) were bought from Shenzhen Kejing Star Technology Co. Ltd. The LTO cathode (LTO/carbon black/polyvinylidene difluoride = 8:1:1 by weight ratio) was prepared using a blade-casting method. The electrolyte used in Li/Cu cells was 1 M LiTFSI in dioxolane/dimethoxyethane (DOL/DME) (1:1 by volume) with 2 wt % LiNO 3 additive. The electrolyte used in Li/Li symmetrical cells was 1 M LiTFSI in DOL/DME (1:1 by volume) with 1 wt % LiNO 3 additive. The electrolyte used in Li/LFP and Li/LTO half cells was 1 M lithium hexafluorophosphate (LiPF 6 ) in ethylene carbonate/diethyl carbonate (EC/DEC) (1:1 by volume), and all the electrolytes were purchased from DodoChem. The separator used was Celgard 2400 (25-mm monolayer PP). 
Electrochemical measurements

Characterizations
The FTIR spectrum was measured using Thermo iS50. Solid-state 13 C CP/MAS NMR spectra were measured using a Bruker Avance HD 400 MHz spectrometer. The 13 C signals were referenced to the methylene signal of adamantane at 38.5 ppm. The contact angle was measured with Dataphysics OCA50AF, and a 3.0-ml droplet of etherbased electrolytes (1 M LiTFSI DOL/DME = 1:1; 2% LiNO 3 ) was used in the experiment. SEM measurements were conducted on a field emission SEM (Hitachi SU8000 FE-SEM) at 5 kV. Optical microscopy analyses were conducted on a Nikon DS TI-FL.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/4/2/eaar4410/DC1 fig. S1 . Sketch of the structures of PP separator and Li atom after geometry optimizations. fig. S2 . Images of q-PET nonwoven fabric. fig. S3 . SEM and elemental mapping images showing the homogenous distribution of C, N, and O in the q-PET fiber. 
